






Recent bioinformatics studies have revealed the ubiquitous presence of hammerhead 
ribozyme, a small self-cleaving RNA, in all domains of life, from bacteria to complex 
eukaryotes. Their fundamental catalytic activity as well as genomic locations suggest some 
important biological functions, especially in gene regulation. While a minimal hammerhead’s 
catalytic core is essential for cleavage activity, the presence of transient tertiary interactions 
between stem I and stem II of the extended hammerhead helps to enhance cleavage by up to 
1000 fold. In this study, we have attempted to study the dynamic tertiary interaction of 
c10orf118 hammerhead ribozyme, a highly-conserved ribozyme in mammalian species. While it 
has been suggested that a pseudoknot interaction helps to bring the top two stems together to 
stabilize the catalytic core, we hypothesized that this interaction is in fact facilitated by base pair 
formation within the loop of stem II and the bulge of stem I. By using chemical exchange 
saturation transfer (CEST), a recently developed NMR dynamics experiment, we were able to 
detect the presence of an excited state with population of only 0.9%. Conversely, this excited 
state was not observed in three other control constructs in which the proposed interactions were 
perturbed. From this evidence, we concluded that that during its catalytic pathway, the c10orf118 
hammerhead ribozyme samples a rare state that is stabilized by specific loop-bulge interactions 
between stem I and stem II. 
B. Introduction 
According to the central dogma of biology, RNA acts as the intermediate to carry genetic 
information from DNA before passing it onto protein. However, in early 1980s, Tom Cech and 
Sydney Altman discovered that RNA can also perform catalysis. This class of RNAs which can 
fold into complex tertiary structure to catalyze biochemical reactions are called ribozyme, 





The hammerhead ribozyme (HHR) is a 
small natural self-cleaving RNA thought to play 
an important role in RNA processing. Originally 
discovered in the genomes of viroid and plant 
satellite viruses, a bioinformatic search in 2011 
by Breaker et. al. identified the ubiquitous 
presence of HHRs in all domains of life(4). Due 
to its small size and fundamental catalytic 
activity, the HHR is a very good model to study 
RNA catalysis. Since its discovery, two crystal 
structures of HHR have been well-studied, 
elucidating the fundamental mechanism of catalysis. The minimal HHR (Fig. 1a) consists of the 
conserved catalytic core, the most basic structural element required for cleavage activity(5). 
Besides the conserved core, the extended HHR (Fig. 1b) has a transient tertiary interaction that 
brings its top two stems together to stabilize the catalytically active conformation. This 
interaction has been shown to enhance cleavage up to 100 to 1000 fold(2). 
While crystal structure of the extended HHR provides many insights into the catalytic 
mechanism of the ribozyme, knowledge of the folding landscape is still very much lacking. An 
attractive model is that the tertiary interaction between stem I and stem II helps to lock the 
ribozyme into an active conformation. Nevertheless, this hypothesis was not supported by 
biochemical data. In fact, dynamic studies on this extended HHR using a variety of techniques 
such as NMR, MD, and FRET suggested that presence of a tertiary interaction between the top 
two stems actually allows the ribozyme to sample several rare states that might be essential for 
catalysis(3). Recent development in NMR spectroscopy has given researchers the tool to look into 
these complicated dynamic processes. In this study, using a combination of biophysical and 
biochemical analysis, especially NMR, we will attempt to characterize the structural and 
dynamic information of the tentative loop-bulge interaction in c10orf118 HHR. Specifically, we 
would like to understand mechanistically if and how this tertiary interaction can induce the 
catalytically active conformation of the ribozyme. 
Figure 1: Secondary structure of minimal and extended 






C. Experimental Methods 
This project can be separated into three main parts: designing the construct, making the 
RNA, and finally analyzing the RNA with NMR. Details on procedure of all three parts are 
discussed below. 
1. Designing the Construct 
The main objective of this step is to identify a novel hammerhead ribozyme construct that 
possesses a loop-bulge interaction that we are interested in. Our construct design was drawn 
upon the work of Breaker et. al. in 2011(4). Using sequence homology search, they identified 
presence of hammerhead ribozymes in all domains of life. For our purpose, we extracted 
individual hits from the GeneBank and input these RNA sequences into MFold(10), a popular 
secondary structure prediction software for RNA. If a sequence can fold into secondary structure 
of an extended HHR with potential for a loop-bulge interaction, it is then further tested with 
iFold(6), a tertiary structure prediction software. The predicted tertiary structure is then compared 
to the S. mansoni crystal structure(2), the only crystal structure of extended HHR which carries a 
loop-bulge interaction between its two stems.  If there is not a big discrepancy between the 
predicted and crystal structures, the hit is considered positive. 
2. Making the RNA 
The main purpose of this step is to make RNA from chemically synthesized DNA by 
performing in vitro transcription with T7 Polymerase. Two single stranded DNA strands from 
each of the design constructs were ordered from Integrated DNA Technologies. The DNAs were 
initially purified on a large polyacrylamide gel electrophoresis system. The product band was cut 
out into small pieces before being placed in a Whatman Elutrap system. After running through 
the Elutrap, the DNAs was collected and furthered purified via an anion-exchange column for 
the last step of purification. Then, the DNA was eluted with high salt buffer (10 mM NaPi, pH = 
7.6, 200 mM KCl, 1 mM EDTA) and ready for transcription. 
Double stranded DNA for in vitro transcription was prepared by combining two single 
stranded DNAs in a 1:1 ratio. The mixture was heated up to 95C for 5 minutes before cooling 





vitro transcription, all components required for transcription of T7 Polymerase in vivo are added 
in a test tube. After T7 polymerase was added, and the mixture was incubated in a 37C water 
bath for approximately 6 hours. Before a large scale transcription was performed, several 50-L 
reaction tubes were prepared at various reaction conditions. Reaction condition that produced the 
most RNA was chosen to scale up for large scale transcription. After incubation, the reaction 
tube was quenched with EDTA. Cold Ethanol and sodium acetate were then added to precipitate 
the RNA. After leaving the reaction tube in the -20 C freezer overnight, it was spun down at 
high speed and 4 C until the RNA was concentrated as a pellet. Ethanol was poured off, and the 
RNA was resuspended into ddH2O. This crude RNA sample was purified using the same 
methods as previously described for DNA. The purified RNA was then exchanged into the buffer 
(10 mM NaPi, pH = 6.4, 100 mM KCl, 0.05 mM EDTA) for NMR experiments.  
3. Analyzing the RNA with NMR 
A set of NMR experiments was run to assist in assignment of the RNA. These 
experiments include aromatic HSQC, 2D NOESY, TOCSY, 11-NOESY, C1’ TROSY, C5 
TROSY. After obtaining all the assignments, the dynamics of the RNA can be studied by CEST. 
For each sample, approximately 300 uL of 1 mM RNA was prepared in an appropriate buffer 
condition (10 mM NaPi, pH = 6.4, 100 mM KCl, 0.05 mM EDTA). All the RNA samples in this 
study were analyzed on a 600 MHz Bruker magnet.  
The most important NMR experiment in this study is CEST, abbreviated for chemical 
exchange saturation transfer. Developed by Lewis Kay for protein NMR(8), the experiment was 
adapted in our lab to study the dynamics of RNA(9). During CEST, we selectively saturate the 
NMR signal of a given peak on the spectra by applying a spinlock power directly on it. For a 
residue undergoing chemical exchange between the major state and invisible state, its peaks 
intensity is also reduced when the spinlock is applied on the invisible state. A CEST profile is a 
plot of peak intensity at various spinlock offsets with each dip corresponding to a dynamic state 
of the RNA. Experimental data can be fitted with theoretical model to provide valuable structural 
and dynamic information including rate of exchange, population of the excited state, and 






Of all distinct structures of HHRs that were folded, the c10orf118 hammerhead was chosen 
as our study target for two main reasons. Firstly, it is present in all mammalian species and is one 
of the two HHRs discovered in humans. Secondly, there appeared to be predicted tertiary 
interactions between stem I and stem II that are consistent with the loop-bulge motif described in 
the crystal structure of S. mansoni HHR. Six different constructs used in this study are shown in 
Fig. 2. mHHU is the minimal hammerhead. pkHHU is the c10orf118 hammerhead that contains 
only the pseudoknot interaction as suggested by Breaker et. al(4). eHHU is the extended version 
of c10orf118 hammerhead with the full loop-bulge interaction. For simplification purpose, from 
this point on, eHHU is used interchangeably for the full-length natural c10orf118 HHR. eHHU-
UUCG has the rigid UUCG loop and serves as a control for eHHU. eHHU-Stem1 and Stem2 
come from the two stems of eHHU and also serve as the controls for the tertiary interaction. 





A cleavage assay was performed to 
compare cleavage rates between these 
constructs (Fig. 3). Each HHR construct was 
placed in the presence and absence of Mg2+, a 
metal ion known to greatly enhance cleavage 
of HHRs. After adding Mg2+ and incubating 
the reaction tubes for 44 hours, the samples 
were loaded on a gel. It was observed that 
eHHU cleaved the fastest, resulting in the 
most intense lower band, which represent the cleaved product of the ribozyme. Surprisingly, 
mHHU has a small amount of cleavage whereas there was none in the eHHU-UUCG sample. 
This suggested that eHHU-UUCG cleaved even slower than the minimal mHHU. Hypothesis for 
this unexpected result will be discussed later.  
Early NMR data suggested that all constructs folded correctly. While eHHU is a considerably 
large RNA (67 nt), its assignment was benefited greatly by the modular property of RNA. This 
allowed us to assign simpler constructs including eHHU-Stem 1, eHHU-Stem 2, and mHHU 
before mapping the assignments onto the full-length eHHU construct.  
After assignment of eHHU was complete (Fig. 5a), CEST was used to study the dynamic 
behavior of this extended HHR. An excited state was detected for eHHU, demonstrated by a 
small dip in CEST profiles of several residues close to the loop-bulge interaction (Fig. 4a to d). 
Global fitting CEST data of these residues allowed estimation of the excited state population of 
0.9 % and a rate of exchange of 249 s-1 (Fig. 4f). Nevertheless, this excited state was not detected 
when CEST was run on either eHHU-UUCG or the two individual stem constructs. These 
results, in addition to the location of residues having chemical exchange, supported the idea that 
the detected excited state in eHHU was stabilized by the specific loop-bulge interaction between 
stem I and stem II. 







Figure 4: (a) – (d) CEST profiles of peaks having chemical exchange (e) Secondary structures of eHHU and eHHU-UUCG. The 
peaks that have exchange are highlighted in black. (f) Dynamic properties of the transition between major state and excited 
state 
E. Discussion 
Cleavage assays of all four HHR constructs (Fig. 2) partly agreed with our hypothesis on 
their relative activities. In the absence of Mg2+, none of the HHRs showed any cleavage activity. 
However, when Mg2+ is present, all HHR constructs except eHHU-UUCG exhibited cleavage 
activity at various rates. From the crystal structure of the extended HHR, it was suggested that 
the tertiary interaction between stem I and stem II helps to stabilize the active conformation of 
the catalytic core, resulting in enhanced cleavage. Thus, the rate of cleavage in HHRs should 
correlate to the strength of the interaction between two upper stems. eHHU cleaved the fastest 
most likely due to having the proposed loop-bulge interaction. The fact that it cleaved faster than 
pkHHU supported our hypothesis that stem I and stem II in eHHU are brought closer together 
not by a pseudoknot but a loop-bulge tertiary interaction. While mHHU cleaved slower than 
pkHHU and eHHU for not having any tertiary interaction, its cleavage rate was surprisingly 





The eHHU-UUCG mutant was created by replacing the apical loop on stem II of eHHU with 
the highly rigid UUCG tetra loop. By doing this, we hoped to abolish the tertiary interaction, 
reducing the activity of eHHU-UUCG to that of mHHU. Surprisingly, while mHHU still showed 
a small amount of cleavage, eHHU-UUCG had no cleavage after 44 hours (Fig. 3). One 
hypothesis is that due to its small size, the minimal mHHU can randomly sample into the active 
conformation to induce cleavage. In contrast, the rigid UUCG loop possibly prevented the two 
upper stems from coming together, thus inhibiting cleavage. This hypothesis was supported by 
our structural analysis. By using Pymol to replace the loop of stem II in the crystal structure of 
the extended HHR with a UUCG tetra loop, a steric interaction was observed between stems I 
and II that is likely to be the cause of cleavage inhibition. 
 
 
Figure 5: (a) Full Assignment of eHHU on an Aromatic HSQC Spectra. (b) HSQC Spectrum of eHHU overlaid with eHHU-Stem1, 
eHHU-Stem2, and mHHU 
The peaks in HSQC spectra of eHHU-Stem1 and Stem2 overlaid very well with those in the 






the peak overlays suggested that the solution structure is very different from what is observed in 
the crystal structure. In fact, if stem I and stem II are closer together as seen in the crystal 
structure, we should expect chemical shifts of many residues to be very different from those in 
the individual stem constructs. The result suggested that in the resting state, two upper stems of 
eHHU must be farther apart from one another as if they are individually present in solution. 
NMR dynamic experiment CEST proved to be a vital tool in our attempt to characterize the 
dynamic behavior of eHHU. As already mentioned, when CEST experiment was performed on 
eHHU, it detected the presence of a lowly populated states on several residues (Fig. 4). Fitting 
data of individual residues suggested that they might belong to a global conformational change 
as the populations and rates of exchange were considerably close. Global fitting CEST data of 
these residues showed that they fitted really well to a global exchange regime, resulting in a 
population of the excited state and a rate of exchange with much smaller uncertainty. 
When mapping these residues onto the crystal structure of the extended HHR, it were 
observed that they are all located in the proximity of the loop-bulge region. It is interesting that 
not all residues in this loop-bulge region, as well as those at the catalytic core, exhibited 
chemical exchange. This evidence suggested that the excited state that was captured is probably 
different from what seen in the crystal structure. It is entirely possible that the ribozyme was 
captured in a novel state when the two upper stems first make contact. 
In addition to helping with RNA assignment, two stems constructs were also used as the 
controls for interaction between stem I and stem II. The fact that there was no excited state when 
CEST was run on eHHU-Stem1 and eHHU-Stem2 suggested that the excited state observed in 
eHHU must be caused by some kind of interaction between these two stems. However, it was 
still ambiguous if the two stems were brought together by either nonspecific or specific 
interaction. As CEST detected no excited state in eHHU-UUCG, it was then clear to us that this 
excited state must be stabilized by specific base pairing and stacking interaction among the 






In summary, by using CEST experiment, we were able to capture a lowly populated excited 
state in c10orf118 HHR that might be important for cleavage enhancement over the minimal 
HHR. Our data also suggested that this excited state is stabilized by a transient tertiary 
interaction between the loop of stem II and the bulge of stem I. In the near future, we fill further 
verify these promising findings by using the complementary R1 dynamic experiment or by 
varying pH and salt concentration to improve the population of the excited state. We might also 
consider doing mutational analysis to improve our understanding on the nature of this loop-bulge 
tertiary interaction. 
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